Neuropeptides are signaling molecules that commonly act via G protein-coupled receptors (GPCRs) and are generated in neurons by proneuropeptide (pNP) cleavage. Present in both cnidarians and bilaterians, neuropeptides represent an ancient and widespread mode of neuronal communication. Due to the inherent difficulties of analyzing highly diverse and repetitive pNPs, the relationships among different families are often elusive. Using similarity-based clustering and sensitive similarity searches, I obtained a global view of metazoan pNP diversity and evolution. Clustering revealed a large and diffuse network of sequences connected by significant sequence similarity encompassing one-quarter of all families. pNPs belonging to this cluster were also identified in the early-branching neuronless animal Trichoplax adhaerens. Clustering of neuropeptide GPCRs identified several orthology groups and allowed the reconstruction of the phyletic distribution of receptor families. GPCR phyletic distribution closely paralleled that of pNPs, indicating extensive conservation and long-term coevolution of receptor-ligand pairs. Receptor orthology and intermediate sequences also revealed the homology of pNPs so far considered unrelated, including allatotropin and orexin. These findings, together with the identification of deuterostome achatin and luqin and protostome opioid pNPs, extended the neuropeptide complement of the urbilaterian. Several pNPs were also identified from the hemichordate Saccoglossus kowalevskii and the cephalochordate Branchiostoma floridae, elucidating pNP evolution in deuterostomes. Receptor-ligand conservation also allowed ligand predictions for many uncharacterized GPCRs from nonmodel species. The reconstruction of the neuropeptide-signaling repertoire at deep nodes of the animal phylogeny allowed the formulation of a testable scenario of the evolution of animal neuroendocrine systems.
Neuropeptides are signaling molecules that commonly act via G protein-coupled receptors (GPCRs) and are generated in neurons by proneuropeptide (pNP) cleavage. Present in both cnidarians and bilaterians, neuropeptides represent an ancient and widespread mode of neuronal communication. Due to the inherent difficulties of analyzing highly diverse and repetitive pNPs, the relationships among different families are often elusive. Using similarity-based clustering and sensitive similarity searches, I obtained a global view of metazoan pNP diversity and evolution. Clustering revealed a large and diffuse network of sequences connected by significant sequence similarity encompassing one-quarter of all families. pNPs belonging to this cluster were also identified in the early-branching neuronless animal Trichoplax adhaerens. Clustering of neuropeptide GPCRs identified several orthology groups and allowed the reconstruction of the phyletic distribution of receptor families. GPCR phyletic distribution closely paralleled that of pNPs, indicating extensive conservation and long-term coevolution of receptor-ligand pairs. Receptor orthology and intermediate sequences also revealed the homology of pNPs so far considered unrelated, including allatotropin and orexin. These findings, together with the identification of deuterostome achatin and luqin and protostome opioid pNPs, extended the neuropeptide complement of the urbilaterian. Several pNPs were also identified from the hemichordate Saccoglossus kowalevskii and the cephalochordate Branchiostoma floridae, elucidating pNP evolution in deuterostomes. Receptor-ligand conservation also allowed ligand predictions for many uncharacterized GPCRs from nonmodel species. The reconstruction of the neuropeptide-signaling repertoire at deep nodes of the animal phylogeny allowed the formulation of a testable scenario of the evolution of animal neuroendocrine systems.
Platynereis | proenkephalin | Petromyzon N europeptides are diverse neuron-secreted peptides with neuromodulatory, neurotransmitter, or hormonal functions. Most neuropeptides signal via G protein-coupled receptors (GPCRs) (1) , with a few exceptions (2) (3) (4) (5) (6) (7) (8) . As modulators of neuronal activity, neuropeptides contribute to the generation of different outputs from the same neuronal circuit in a context-dependent manner (9) , or orchestrate complex motor programs (10) . Many neuropeptides act as hormones and are released into the haemolymph by neurohemal organs, such as the vertebrate pituitary gland, or the insect corpora cardiaca (11) . These peptide hormones regulate various aspects of physiology, including growth, metabolism, and reproduction. Active neuropeptides are generated from an inactive proneuropeptide (pNP) that contains a single or multiple copies of active peptides. Active peptides are commonly short, with only a few families adopting well-defined, but unrelated, folds (e.g., prolactin and glycoprotein hormones). pNPs have a signal peptide (SP) and enter the secretory apparatus where dedicated proteases cleave them at mono-or dibasic cleavage sites (12) and where the maturing peptides are often further modified (13) . pNPs are ubiquitous in eumetazoans, and genomics and mass spectrometry revealed the full neuropeptide repertoire of several species (14) (15) (16) (17) (18) (19) (20) . Given their wide occurrence in metazoans, and importance in neuronal regulation, a global pNP phylogeny would further our knowledge of nervous system evolution. pNP phylogenetics is challenging because pNP evolution has patterns and constraints different from the evolution of folded proteins (21) . pNPs are often repetitive; the number and length of repeats change during evolution, or the sequences diverge into distinct peptides within a precursor (21) (22) (23) . Conserved sequence stretches in pNPs often constitute only a few residues corresponding to biologically active short peptides (24) (25) (26) (27) . Neuropeptides showing such limited conservation were nevertheless shown to be ligands of orthologous GPCRs in different phyla, confirming that the pNPs are orthologous (28) (29) (30) .
The high diversity and repetitive sequence of pNPs hamper multiple alignment-based molecular phylogeny analyses. Although a pNP catalog exists (31), it is not clear how the diverse families are related. Furthermore, the paucity of pNP information from placozoans, ambulacrarians, and cephalochordates obscures the evolutionary origins of distinct pNP families. I have performed a comprehensive analysis of pNP and neuropeptide GPCR evolution using sequence similarity-based clustering. Clustering and mining of poorly studied genomes clarified the interrelatedness and origin of pNP families. GPCR clustering revealed several bilaterian orthologous groups containing receptors for orthologous peptides. These results provide a global view of the evolution of metazoan neuropeptide signaling and uncover the stable evolutionary association of GPCR-ligand pairs.
Results
Cluster Representation of pNP and GPCR Diversity. A nonredundant dataset of 6,225 pNPs (Methods and Dataset S1) from 10 animal phyla belonging to ∼80 families were clustered based on allagainst-all sequence similarity [Basic Local Alignment Search Tool (BLAST) P values] (32) using either the BLOSUM62 or the PAM30 matrix. Clustering recovered all known families (Fig. 1) , several of them unique with no connections to other families [e.g., prolactin, galanin, and cocaine-and amphetamine-regulated transcript (CART)], or only few spurious hits to unrelated clusters [e.g., crustacean hyperglycemic hormone (CHH) to relaxin]. However, 22 of 80 families were strongly connected to form one large central cluster (CC; Figs. 1 and 2 and Fig. S1 ). In the CC some sequences were only indirectly connected via a network of transitive BLAST connections. The core of the CC contained repetitive pNPs that give rise to short, amidated neuropeptides [e.g., FMRFamides (Phe-Met-Arg-Phe-NH 2 ), myoinhibitory peptide (MIP), and LWamide (Leu-Trp-NH 2 )]. Several peripheral groups [e.g., neuropeptide FF (NPFF), and gonadotropin-inhibitory hormone (GnIH)] were connected to the core, but not to other derived families, representing independent divergences from the more ancestral sequences of the core (Figs. 1 and 2 and Fig. S1 ).
The clustering of repetitive pNPs may not reflect evolutionary relatedness but rather spurious BLAST matches due to identical repeat length and reoccurring dibasic cleavage sites. To exclude this possibility, I mapped the length of the neuropeptide repeats of a subset of pNPs to the cluster map. Several pNPs with the same repeat length were far from each other in the map, indicating that repeat length alone does not explain the observed clustering (Fig.  S1C ). To test whether clustering correlates with short terminal amidated motifs I mapped the occurrence of such motifs. I identified 32 3-aa amidated motifs specific to a certain cluster (Figs. S1D and S2A) .
To analyze the phyletic distribution of pNP families, I projected taxonomic information onto the cluster map, distinguishing 11 metazoan clades (Figs. 1 and 2 and Fig. S3A ). I also performed sensitive similarity searches to detect distant homologs, allowing the reconstruction of pNP repertoire at key nodes of the metazoan tree (Fig. S3A) . I also clustered class-A (rhodopsin) and class-B (secretin) neuropeptide GPCRs, revealing several orthologous clusters (P value < 1e-50, Fig. 3, Fig. S2B , and Datasets S2 and S3), and the phyletic breadth and time of origin of different families (Fig. S3B) . The combined analyses of pNP and GPCR distribution allowed a detailed reconstruction of the evolution of neuropeptide signaling in metazoa.
Placozoan Sequences Reveal the Deep Origin of CC pNPs. Database searches identified three pNPs in the neuronless placozoan Trichoplax adhaerens (Fig. S4A ). These pNPs have a SP and repetitive short sequences flanked by dibasic cleavage sites, preceded by the amidation signature glycine. They showed BLAST hits to repetitive pNPs from various bilaterians, including Famides (Phe-NH 2 ), mollusk PRQFVamide (Pro-Arg-Gln-Phe-Val-NH 2 ), or Saccoglossus kowalevskii Samide (Ser-NH 2 ) and mapped to the CC (Fig.  1 ). The T. adhaerens genome contains enzymes for pNP processing and several GPCRs. Orthologs of the relaxin and glycoprotein hormone GPCRs could be identified (Fig. 3 ), but no relaxin-or glycoprotein-hormone-like pNP was found. No pNP sequence or neuropeptide GPCR could be identified in the sponge Amphimedon queenslandica despite the fact that sponges contain pNP processing enzymes. S1D ). This group contains cnidarian GLWamides and diverse protostome Wamides (GWamides and MIPs), which cluster together and share an amidated Trp residue preceded by a small aliphatic residue. Protostome MIPs have another conserved Trp (W-X 6-8 -Wamide motif) that is lacking from LWamides and GWamides (Gly-Trp-NH 2 ) (Dataset S4). Wamides at the core of the CC connect to peripheral families. GWamides connect to adipokinetic hormone (AKH) and red pigment-concentrating hormone (RPCH) (Fig. 2) . These three families are present in arthropods, mollusks, and annelids and share a C-terminal segment with a disulphide bond (37) . These pNPs in turn connect to the ancestral bilaterian gonadotropin-releasing hormone (GnRH)/corazonin family, suggesting a complex scenario of duplication and gene loss for the origin of these families from repetitive Wamides (38) . A relationship between GnRH and AKH has been proposed based on shared sequence features (38) and the relatedness of the receptors (39, 40) . The clustering of GnRH/ AKH receptors in the GPCR map confirms this (Fig. 3) .
Glycoprotein hormones and prokineticins also trace back to the stem eumetazoan. Glycoprotein hormones have two related subunits belonging to the Cys-knot superfamily that also includes TGF-β, NGF, PDGF, and the bone morphogenetic protein (BMP) antagonists gremlin/DAN (41) . Cys-knot domains are also present in several multidomain proteins (e.g., mucins). Position-specific iterated BLAST (PSI-BLAST) searches identified a glycoprotein hormone in the sea anemone Nematostella vectensis, showing highest similarity to arthropod bursicons ( Fig. 1 and Dataset S4). This is consistent with the presence of glycoprotein hormone receptor-like sequences in cnidarians (42) (Fig. 3) . A bursiconlike sequence is also present in the sea urchin Strongylocentrotus purpuratus, but not in other deuterostomes. Prokineticins/astakines consist of a Cys-rich domain that is also found in colipases (34) and as a C-terminal domain in the Cys-rich Wnt antagonists, the dickkopf-related proteins. Dickkops have an additional N-terminal domain. The prokineticin/colipase domain is also present in Hydra magnipapillata (e.g., XP_002160463.2) and N. vectensis (XP_001641384.1) independently of the dickkopf N-terminal domain and is potentially a precursor of the cognate domain in prokineticins (Fig. S2C) .
The presence of two insulin-related peptides in N. vectensis indicates that this family is also ancestral to eumetazoans. A group of cnidarian GPCRs was also identified that clustered with receptors for the chordate insulin-like peptide relaxin (Fig. 3) , suggesting that relaxin receptors may be ancestrally involved in insulin-related peptide signaling.
Greatly Extended pNP Repertoire in Urbilateria. Several pNP families have previously been shown to be ancestral to bilaterians including the tachykinins (43), corticotropin-releasing factors (CRFs) (44) , calcitonin (45), neuromedin-U/pyrokinin (46), allatostatin-C/ somatostatin (47), cholecystokinin/sulfakinin (48), pedal peptide/ orcokinin (49), vasopressin/oxytocin (50), GnRH/corazonin/AKH (40, 51), 7B2 (52) , and neuropeptide Y and F (NPY/NPF) (53) . Many of these families form well-connected clusters in the pNP map with both protostome and deuterostomes sequences (Fig. 1) , with some exceptions, where sequence conservation is limited (neuromedin-U/pyrokinin, calcitonin/diuretic hormone 31 (DH31), cholecystokinin/sulfakinin, allatostatin-C/somatostatin; Dataset S4).
The GPCR map revealed several orthologous clusters of protostome and deuterostome sequences with orthologous neuropeptide ligands, confirming the above relationships. These included the class-A receptors for tachykinin, neuromedin-U/pyrokinin, vasopressin/oxytocin, GnRH/corazonin/AKH, allatostatin-C/somatostatin, and cholecystokinin/sulfakinin (Fig. 3) . The class B GPCRs for calcitonin/DH31 and CRF/diuretic hormone 44 (DH44) also formed bilaterian-wide clusters (Fig. S2B) . Members of several of these families and their putative receptors could also be identified in S. kowalevskii and B. floridae (Figs. 1 and 3, Fig. S2B , and Datasets S2, S3, and S5).
The urbilaterian origin of four further pNP families was revealed by sequence searches and was partly supported by GPCR clustering. The evidence for opioid-like peptides in protostomes has been controversial (54) , and no pNP has yet been described in any invertebrate. Database searches identified proenkephalin-like pNPs in annelid and mollusk expressed sequence tags (EST). HHpred searches with the Lottia gigantea and Platynereis dumerilii pNPs identified the nociceptin/proenkephalin family as homologs (probability 94.6%, P = 6.5e-07 and 81%, P = 1.8e-05, respectively). The opioid peptides produced from these pNPs are longer than their vertebrate counterparts, are often amidated, and share the Nterminal motif YGx[FL]+ (+ is a hydrophobic residue; Fig. S4B and Dataset S4). Vertebrate opioid pNPs have a segment after the SP with six Cys (22) . Six to eight Cys following the SP are also present in the annelid and mollusk opioid pNPs, although not in conserved positions. These similarities establish the homology of the lophotrochozoan pNPs with the vertebrate opioid family. No protostome opioid receptor could be identified.
Sensitive similarity searches also identified deuterostome and ecdysozoan orthologs of lophotrochozoan luqins (55) . Luqins retrieved a S. purpuratus sequence that identified a S. kowalevskii pNP. Both ambulacrarian sequences have an RWamide (Arg-Trp-NH 2 ) motif and a proline-rich C-terminal peptide with two conserved Cys residues (Dataset S4). PSI-BLAST searches also revealed the homology of luqins and insect RYamide (Arg-Tyr-NH 2 ) pNPs. Luqin and RYamide pNPs have two R[YF]amide peptides directly following the SP and also share the C-terminal peptide with the two conserved Cys residues (56) . In the GPCR map mollusk luqin and insect RYamide receptors cluster together with two GPCRs from S. purpuratus that likely represent deuterostome luqin receptor orthologs, confirming the ancestral presence of luqin signaling in bilaterians. Another ancestral bilaterians family, first described in lophotrochozoans, is achatin (57) . Homologs of mollusk achatin could be identified in annelids, in S. kowalevskii, and B. floridae (Dataset S5). Achatins share the GF [GAF] [DNG] motif (Dataset S4). No achatin receptor has yet been described.
Database searches and the GPCR map also revealed the orthology of allatotropin and orexin pNPs (Fig. 3) . A S. kowalevskii sequence (Dataset S5), identified by PSI-BLAST using arthropod allatotropin queries, shares a conserved C-terminal domain with protostome allatotropins. This sequence also contains an orexin peptide directly after the SP (Dataset S4) (58) . The allatotropin and orexin receptors cluster together, and this cluster also contains a S. kowalevskii receptor. These results establish allatotropin/orexin and their receptors as orthologs representing an ancient bilaterian family.
Several other orthologous GPCR pairs for seemingly unrelated peptide families were also recovered, suggesting that the corresponding pNPs also represent orthologous, ancestral bilaterian families. These include the CCHamide (Cys-Cys-His-NH 2 )/ neuromedin-B, neuropeptide-S/crustacean cardioactive peptide (CCAP), and allatostatin-A/galanin receptors. Of these families the orthology of CCAP/neuropeptide S (NPS) is supported by a shared N-terminal K-R-x-F-x-N motif (Dataset S4). CCHamides (59, 60) are related to annelid and mollusk excitatory peptide pNPs (61) . This family is also related to the L11 pNPs of annelids, mollusks, nematodes (62) , and crustaceans, as shown by PSI-BLAST. L11/CCHamide/polychaete excitatory peptides (EP) share the signature sequence Cys-x 6,8 -Cys-X-Gly-X 2,3 with an internal disulphide bond (Dataset S4) and represent two paralogous families, ancestrally present in protostomes. The orthology of L11/ CCHamide/EP and neuromedin-B is not recognizable at the pNP level but they are listed as orthologs based on the receptor evidence. Likewise, an orthologous relationship between allatostatin-A and galanin is not evident at the pNP level, but is supported by the orthology of their receptors and a similar role in the regulation of lipid storage (63) , among other functions. Neuromedin-B and galanin receptors are present in B. floridae, but no pNP orthologs were found. Identifying the ligands for these receptors may reveal intermediate sequences that could reinforce these relationships.
Other GPCRs also formed bilaterian orthologous clusters, even though their known peptide ligands have a more limited distribution. Leucokinins were first described in arthropods, and sequence searches identified homologs in nematodes, mollusks, and annelids. These peptides share the FxxW[GA]-NH 2 motif (Dataset S4) and connect to the CC (Fig. 2) . The GPCR map revealed the presence of an ambulacrarian leucokinin receptor, indicating that leucokinin-like peptides may also be present in ambulacraria. GPCR clustering revealed another bilaterian GPCR family, the orphan GPR83 receptors. These may be receptors for an as-yetunidentified ancient bilaterian peptide. Thyrotropin-releasing hormone (TRH) receptor orthologs are also present in protostomes ( Fig. 3 and Fig. S3B ). The ancestry of TRH has been traced to the stem deuterostome (49) but may be urbilaterian. Among the class-B GPCRs, the vertebrate parathyroid hormone (PTH) receptor has orthologs in invertebrates (Fig. S2B) . PTH could only be identified in vertebrates, but the broader distribution of the receptors indicates that this family also has urbilaterian origin. Likewise, a S. purpuratus ortholog of protostome pigment-dispersing factor (Pdf) receptors suggests a deeper origin for this family (Fig. S2B) .
GPCRs for most F/Yamide peptide families cluster together, including sulfakinin/cholecystokinin (CCK), pyroglutamylated RFamide peptide (QRFP), NPFF/GnIH, SIFa, NPY, NPF, short neuropeptide F (sNPF), prolactin-releasing peptide (PrRP), RYamide, luqin, kisspeptin, and allatotropin receptors (Fig. 3) . These GPCRs likely represent stem bilaterian duplicates. Within this large GPCR cluster, bilaterian orthologous groups can be recognized for sulfakinin/CCK, orexin/allatotropin, and RYamide/ luqin pNP pairs, in agreement with pNP classification. GPCR orthologies further suggest that NPFF/GnIH/SIFamide (Ser-IlePhe-NH 2 ) and PrRP/sNPF pNPs likewise represent ancestral bilaterian families, and that vertebrate kisspeptins may have invertebrate orthologs. Vertebrate NPFF and GnIH pNPs are paralogs as indicated by sensitive similarity searches, an intermediate sequence from the cyclostome Paramyxine atami, and a shared PQRFamide motif. A B. floridae NPFF/GnIH could also be identified. NPFF and GnIH receptors cluster with several B. floridae GPCRs and are connected to protostome SIFamide receptors, indicating that these Famide families are likely orthologs. The receptors for PrRP and sNPF pNPs also cluster together, in the vicinity of NPY/NPF receptors (Fig. 3) , in agreement with a distant relationship between the sNPF, NPF, and NPY pNP families (64) .
Protostome-and Deuterostome-Specific pNPs. Some pNPs are restricted to protostomes, either tracing back to the protostome stem or present in one or two phyla only (Fig. S3A) . Ancient protostome pNPs include proctolin (65), prohormone-2 and -4, and myomodulin/myosuppressin. The protostome origin of proctolin and myomodulin/myosuppressin is also supported by the GPCR map (prohormone-2 and -4 receptors are not known). Arthropod myosuppressins are muscle inhibitory peptides (66) . Their receptors cluster with mollusk and annelid receptors, indicating that orthologous peptides are present in lophotrochozoans. The likely orthologs are the myomodulins (67), myoactive peptides found in mollusks, annelids, and nematodes (68) that share an LR[MLF]-NH 2 motif with myosuppressins (Dataset S4). The biochemical characterization of these lophotrochozoan receptors could confirm this connection. Some pNPs are more restricted phyletically, including arthropod antidiuretic factor (ADF) (15) , neuroparsin, and prothoracicotropic hormone (PTTH), mollusk R3-14, ecdysozoan CHH/ion transport peptide, and lophotrochozoan fulicin. Cnidarians, platyhelminthes, echinoderms, and nematodes also have several pNPs with no similarity to sequences from other phyla (not all listed in Fig. S3A ).
The arthropod PTTHs are related to the extracellular signaling molecule trunk (69) that is a member of an ancient bilaterian family; trunk orthologs could be identified in annelids, mollusks, and in B. floridae. Trunk is distantly related to the TGF-β inhibitors, noggins, which are also present in placozoans and sponges (Fig. S2D) . PTTH represents an arthropod-specific paralog of trunk and is listed as an arthropod-specific pNP (Fig. S3A) . The Cys-rich neuroparsins show similarity to the insulin-like growth factor binding protein (HHpred probability 99.5% and P = 1e-18), a domain found in various multidomain proteins (e.g., HTRA serine proteases), and represent an arthropod-specific duplication and stand-alone version of this widespread domain (Fig. S2E) .
Several pNP families are only found in the deuterostomes. Some originated either in the chordate or the deuterostome stem lineage (Fig. S3A) . Ambulacrarian orthologs reveal the stem deuterostome origin of some pNPs. Secretogranin-3 could be identified in S. kowalevskii, S. purpuratus, and B. floridae. Several members of the FAM55/neurexophilin family, first described in vertebrates (70) , could also be identified in S. purpuratus, S. kowalevskii, and B. floridae ( Fig. 1 and Fig. S3A) . B. floridae orthologs revealed the stem chordate origin of orexigenic neuropeptide QRFP-like/ 26RFa and CART (CART, Datasets S4 and S5). GPCR clustering suggests a stem-chordate origin of further families, where the pNPs are only known in vertebrates. These include motilin/ghrelin, melanin-concentrating hormone (MCH)/MCH gene-related peptide (Mgrp), and endothelin. The presence of glucagon and gastric inhibitory peptide receptor orthologs in Ciona intestinalis suggests that these families originated before the vertebrateurochordate divergence. Other vertebrate-specific pNPs show no resemblance to any family and represent likely vertebrate innovations ( Fig. 1 and Fig. S3 ). The history of the GPCRs supports this for urotensin, adrenomedullin, pituitary adenylate cyclase-activating polypeptide (PACAP)/vasoactive intestinal peptide (VIP), neuropeptide-B/-W, and neurotensin. Growth hormone, VIP, glucagon, and adrenomedullin could also be identified in the lamprey Petromyzon marinus, indicating that these originated along the vertebrate stem. Discussion A striking pattern in the evolution of pNPs is the interrelatedness of several pNPs in the CC and the independent derivation of several families from the CC. This indicates that a large fraction of metazoan pNP families are deep paralogs. Importantly, only a clustering approach could reveal this pattern, because many of the derived families are not similar to each other, and the homologies are only revealed by indirect links in a network of BLAST interactions. The broad network of interactions in the highly diverse CC demonstrates the unique pattern of sequence evolution of pNPs. pNPs may evolve more freely in sequence space than globular proteins, where key conserved residues can be identified across very distant homologs. pNPs at two sides of the CC may not show any sequence similarity, except for the SP and cleavage sites, yet be related transitively, via a network of strong sequence similarity. The paralogous nature of several Y/Famide pNPs in the CC is further supported by the close relationship of their receptors.
The finding of repetitive pNPs belonging to the CC in the placozoan T. adhaerens indicates that this class of pNPs was present in the common ancestor of placozoans and eumetazoans and a large diversity of pNPs evolved from such ancestral sequences via successive phases of clade-specific derivations. The presence of pNPs in placozoans indicates that neuropeptide signaling may predate the origin of nervous systems. Although the phylogenetic position of placozoans is not fully resolved, they may be the sister group to the eumetazoans, potentially representing a primitive neuronless organism (71) . If this is the case, then the study of placozoan neuropeptidergic cells may give unique insights into the evolutionary origin of neuronal signaling. The role of neuropeptide signaling in T. adhaerens is unclear but may involve paracrine communication between sensory cells and effector cells to regulate ciliary crawling, or digestive enzyme secretion.
The last common ancestor of eumetazoans had various small amidated peptides (RFamide, RYamide, and Wamide), a glycoprotein hormone, prokineticin, and insulin-related peptide. In vertebrates, the glycoprotein hormones of the pituitary are under the control of short, amidated peptides (TRH and GnRH) and regulate sexual development, reproduction, growth, and metabolism. Insulin-related peptides are conserved regulators of growth and metabolism. In cnidarians, external stimuli are directly translated into neuroendocrine signals by chemosensory-neurosecretory cells releasing small amidated peptides to regulate growth and metamorphosis (72) . Wamides may have been ancestrally involved in mediating life-cycle transitions triggered by chemosensory cues (73) . RFamides may have ancient roles in muscle control (74) , ciliary locomotion (27, 62) , and food intake (75) . The role of glycoprotein hormones and insulin-like peptides in cnidarians is unclear, but they may be part of a small-peptide/glycoprotein/insulin module in the regulation of growth, metabolism, or sexual maturation.
The combined analysis of pNPs and neuropeptide GPCRs identified 27 ancestral urbilaterian pNP-receptor families pointing at a hitherto unknown sophistication of neuropeptidergic systems in the urbilaterian. These pNPs regulate several aspects of physiology, including sexual behavior and reproduction (GnRH, achatin, oxytocin, and GnIH/SIFamide), diuresis (CRF/diuretic hormone, calcitonin, and vasopressin), gut and heart activity (achatin, luqin, and orcokinin), pain perception (opioid), and food intake (NPY, kinins, neuromedin-U, galanin/allatostatin-A, and orexin/allatotropin). These pNPs may have originated concomitantly with the origin of a complex bilaterian body plan having a through gut with novel controls for food intake and digestion, excretory and circulatory systems, light-controlled reproduction (50), a centralized nervous system (76), complex reproductive behavior (77, 78) , and learning (79) . The stable association of receptor-ligand families across bilateria revealed the long-term coevolution of receptor-ligand pairs. This pattern suggests the deep conservation of neuropeptidergic regulation between different metazoan phyla, the extent of which will be revealed by further comparative functional studies in a broader selection of taxa.
Methods pNPs and neuropeptide GPCRs were retrieved using a combination of strategies. Curated lists of 6225 pNPs, 1465 Class A and 547 Class B receptor sequences were clustered using CLANS2 (32) . To read the Clans files (Datasets S1-S3) install CLANS2 and run the command line command: java -Xmx4000m -jar /your_install_directory/CLANS.jar -load Clans_file. Detailed procedures are described in SI Methods.
